Studies conducted over the last 40 years have demonstrated that the water output from dental unit waterlines (DUWLs) is often contaminated with high densities of microorganisms. It has been monitored the microbiological quality of the water in 30 public dental facilities in northern Italy in order to assess the health risk for patients and dental staff. In each facility, samples of water both from taps and from DUWLs were analyzed in order to evaluate heterotrophic plate counts (HPCs) at 22 • C and 36 • C, and to detect coliform bacteria, Pseudomonas aeruginosa, Legionella pneumophila and amoebae. In 100% of the samples taken from the DUWLs, the concentration of HPCs was above the threshold as determined by the Ministère de la Santé et des Solidarités (2007). The concentration of P. aeruginosa was greater than the indicated threshold in 16.67% of the hand-pieces analyzed. A total of 78.33% of samples were contaminated by L. pneumophila, while in the samples taken from the DUWLs alone, this percentage rose to 86.67%. Amoebae were detected in 60% of the samples taken from hand-pieces; all belonging to the species V. vermiformis. This study documented the presence of various microorganisms, including Legionella spp., at considerably higher concentrations in water samples from DUWLs than in samples of tap water in the same facilities, confirming the role of the internal DUWLs in increasing microbial contamination, especially in the absence of proper management of waterborne health risks.
Introduction
Studies conducted over the last 40 years have revealed that the water output from dental unit waterlines (DUWLs) (i.e., narrow-bore plastic tubing that carries water to the high-speed hand-piece, air/water syringe and ultrasonic scaler) is often contaminated with high densities of microorganisms; [1, 2] such contamination may be caused by the water supply itself, or, more probably, by the suck-back of biological fluids from the oral cavities of patients (back-contamination) [3, 4] .
Contamination levels ranging from 10 2 to 10 8 colony-forming units (CFU)/mL have regularly been reported [1, 4, 5] . These counts can occur because the features of dental unit waterlines (e.g., flow rates, materials and system design) promote both bacterial growth and the development of biofilm [2] , which protects the organisms from desiccation, chemical aggression and predation [6] .
The water conduit can be composed of approximately 6 m of narrow-bore flexible polyurethane or polyvinyl chloride (PVC) plastic tubing (1/16 in. or 2 mm diameter); narrow-bore tubing presents a very large ratio of surface area to volume (6:1), which encourages biofilm formation [7] .
Materials and Methods

Site Location
The investigation was carried out in 30 dental units located in two hospital facilities (A and B: 9 and 10 dental units, respectively) and in one Healthcare Utility (C: 11 units) in northern Italy. All the DUWLs were supplied directly by the municipal water network and no additional disinfection systems were used in the facilities.
In dental units examined, the activities were carried out only in the morning for 5-6 h, and the mean number of patients treated per day was 48, 51 and 60, in facilities A, B and C, respectively. None of the cubicles were equipped with a ventilation system. The dental units examined had been operating for many years (from 10 to >30).
Only in the dental units of facility A the internal waterlines were occasionally disinfected with H 2 O 2 ; flow through hand-pieces for 30" were performed at the start of day and after each patient only in the facility A.
Water Sampling and Microbiological Analysis
In each dental cubicle, a sample of water was taken both from the tap and from hand-pieces of the dental unit at the end of the dental activities; the tap water sample was used as a control to verify the quality of the water supplied to the building in which the unit was located. Specifically, 1 L of tap water and 1 L of dental unit water from hand-pieces was collected for the detection of Legionella pneumophila, and 250 mL was taken for the determination of heterotrophic plate counts (HPCs) at 22 • C and 36 • C, coliform bacteria and Pseudomonas aeruginosa. During sampling, it was also measured the temperature of the cold water from the washbasins in the cubicles, a sampling point taken to be representative of the water supplied to the dental unit.
Another liter of water was collected from the same devices for the detection of free-living protozoa (FLA) according to international standards [20] .
The samples for microbiological analysis were collected in sterile plastic bottles, and sodium thiosulphate solution was added to the samples to neutralize free chlorine. The samples were immediately transported in portable coolers (at 4 • C) to the laboratory for chemical and microbiological analysis, and were processed within 24 h.
Analysis of the samples for Legionella was performed as described by ISO 11731-2:2004 [21] . Water samples were previously concentrated 100-fold by filtration through a 0.2 µm pore-size membrane (Millipore, Billerica, MA, USA). Serogrouping was performed by means of an agglutination test (Legionella latex test; Oxoid, Basingstoke, UK).
The results were expressed as colony-forming units (CFU) per liter. According to this method, the lower limit of detection is 100 CFU/L.
HPCs at 22 • C and 36 • C were determined in duplicate by means of the pour-plate method using ISO 6222 [22] . The total number of colonies was reported as CFU per milliliter.
Detection of coliform bacteria and Pseudomonas aeruginosa was performed by filtering 100 mL of water through 0.45 µm cellulose filters (Millipore, Billerica, MA, USA). The membranes were laid on Endo Agar Les plates (Liofilchem, Roseto degli Abruzzi (Te), Italy) and Cetrimide Agar (Oxoid, Basingstoke, UK) according to ISO 9308-1:2014 [23] for coliform growth and ISO 16266:2006 [24] for Pseudomonas aeruginosa growth. Species confirmation of suspect colonies was obtained by means of Mini API galleries (bioMeriéux, Marcy-l'Étoile, France). The results were expressed as CFU per 100 mL.
For amoeba detection was performed by the method described by Montalbano Di Filippo et al. [25] . One L samples were filtered through a 0.2 µm membrane (Millipore, Billerica, MA, USA) to search for free-living protozoa. The membrane filters were minced in 10 mL of sterile phosphate-buffered saline solution (PBS), pH 7.2, homogenized by vortex for 5 min and centrifuged at 1200× g for 15 min; 200 µL of pellet was inoculated onto non-nutrient agar (NNA) with a lawn of heat-inactivated Escherichia coli in Page's amoeba saline solution (PAS), and incubated at 37 • C and were observed daily for amoebic growth up to 21 days. The presence of FLA was investigated by examining the NNA culture plates by inverted microscopy, using 20× and 40× objectives.
From all positive samples, the growing amoebae were harvested from culture plates, placed in Eppendorf tubes and washed twice with PBS, pH 7.4, before molecular analysis. DNA extraction was performed by means of the QIAamp DNA Micro Kit (Qiagen, Milan, Italy). To identify FLA species, 18S rDNA amplification with primers P-FLA-F and P-FLA-R was performed. This PCR allows the simultaneous amplification of FLA, amplicon lengths varying from 500 to 1500 base pairs (V. vermiformis: 800 bp; N. fowleri: 900 bp; Vannella sp., Vahlkampfiaovis: 950 bp; Acanthamoeba species: from 1080 to 1500 bp) as described by Tsvetkova et al. 2004 [26] . All PCR amplification reactions were performed in a 50 µL mixture containing 25 µL PCR master mix 2X (Promega, Milan, Italy), 6 µL template DNA, and 20 pmol of each primer in a TProfessional Basic Thermocycler (Biometra GmbH, Göttingen, Germany). The PCR products were visualized by means of electrophoresis on 1% agarose gel stained by SYBR Safe DNA gel stain (Invitrogen, Monza (MB), Italy). PCR amplicons were purified by using a mi-PCR Purification Kit (Metabion GmbH, Steinkirchen, Germany) according to the manufacturer's instructions, and directly sequenced on both strands by Bio-Fab Research (Rome, Italy). Sequences were edited by means of the FinchTV 1.4 software (Geospiza Inc., Seattle, WA, USA) and aligned by Clustal Omega. To assign the isolates to the right species level, phylogenetic analysis was performed in which the sequences obtained were compared with those of reference strains.
Statistical Analysis
Statistical analysis was carried out by means of STATA/SE TM 14.2 software (Stata Corp LP, College Station, TX, USA). The results were analyzed in terms of descriptive statistics, and differences between groups were evaluated by means of a non-parametric Wilcoxon rank-sum test and a Pearson's Chi-square test. The relationship between variables was estimated by applying the Spearman's correlation test. A p value < 0.05 was considered statistically significant.
Results
Microbiological analysis of the water, both from the taps and from the dental units, did not reveal the presence of coliform bacteria. Table 1 reports the concentrations of HPCs at 22 • C and 36 • C, L. pneumophila and P. aeruginosa in hand-pieces and tap water. Table 1 . Concentrations of heterotrophic plate counts (HPCs) at 22 • C and 36 • C (colony-forming units (CFU)/mL), L. pneumophila (CFU/L) and P. aeruginosa (CFU/100 mL) in water from hand-pieces and tap water. These concentrations were higher in water samples from the hand-pieces than in the tap water with regard to all the microbiological parameters investigated, though statistically significant differences emerged only for HPCs at 22 • C and 36 • C (p < 0.001).
Mean
In tap water, on comparing the values of the HPCs at 22 • C and 36 • C and of P. aeruginosa with the target values (≤100 CFU/mL, ≤10 CFU/mL, and <1 CFU/100 mL, respectively, as determined by the Ministère de la Santé et des Solidarités in 2007 [27], a high percentage of nonconformity was recorded for HPCs, while no sample proved positive for P. aeruginosa.
Similarly, we determined the percentage of water samples from hand-pieces that were above/below the target levels of the above-mentioned parameters (Figure 1 ).
L. pneumophila was detected in 47 samples of water (78.33%): 21 samples of tap water and 26 samples from hand-pieces. A concentration of ≥10 3 CFU/L was found in 26.67% of samples from dental units, while it no sample of tap water was this concentration exceeded. The presence of L. pneumophila sg 1 was of 23.40%.
Amoebae were detected in 60% of water samples from hand-pieces and in 23.33% of tap water samples. Their presence was significantly higher in water from dental units than in tap water (p <0.01).
All PCR positive isolates showed bands with an approximate size of 800 bp (expected for Vermoamoeba vermiformis). The analyses unambiguously identified all samples as Vermoamoeba vermiformis (100%), the sequences showing the highest identity (99%) with those accessible in GenBank. No water sample analyzed in this study was characterized by the presence of other FLA species. Figure 2 shows Vermamoeba vermiformis from water samples from hand-pieces. Amoebae were detected in 60% of water samples from hand-pieces and in 23.33% of tap water samples. Their presence was significantly higher in water from dental units than in tap water (p <0.01).
All PCR positive isolates showed bands with an approximate size of 800 bp (expected for Vermoamoeba vermiformis). The analyses unambiguously identified all samples as Vermoamoeba vermiformis (100%), the sequences showing the highest identity (99%) with those accessible in GenBank. No water sample analyzed in this study was characterized by the presence of other FLA species. Figure 2 shows Vermamoeba vermiformis from water samples from hand-pieces. Table 2 shows the mean concentrations of L. pneumophila and P. aeruginosa in the presence and absence of amoebae. Table 2 . Concentrations of L. pneumophila (CFU/L) and P. aeruginosa (CFU/100 mL) in the presence and absence of amoebae. Amoebae were detected in 60% of water samples from hand-pieces and in 23.33% of tap water samples. Their presence was significantly higher in water from dental units than in tap water (p <0.01).
All PCR positive isolates showed bands with an approximate size of 800 bp (expected for Vermoamoeba vermiformis). The analyses unambiguously identified all samples as Vermoamoeba vermiformis (100%), the sequences showing the highest identity (99%) with those accessible in GenBank. No water sample analyzed in this study was characterized by the presence of other FLA species. Figure 2 shows Vermamoeba vermiformis from water samples from hand-pieces. Table 2 shows the mean concentrations of L. pneumophila and P. aeruginosa in the presence and absence of amoebae. Table 2 . Concentrations of L. pneumophila (CFU/L) and P. aeruginosa (CFU/100 mL) in the presence and absence of amoebae. Table 2 shows the mean concentrations of L. pneumophila and P. aeruginosa in the presence and absence of amoebae. A significantly higher concentration of L. pneumophila was detected in the samples of hand-piece water positive for amoebae than in amoeba-negative samples (p < 0.05).
Regarding tap water, no statistically significant differences in the concentrations of L. pneumophila emerged in relation to the presence/absence of amoebae.
It was also evaluated the possible correlation between amoebae and both L. pneumophila and P. aeruginosa; an analysis conducted by means of the Spearman correlation test revealed a statistically significant positive correlation between the presence of amoebae and L. pneumophila (rho = 0.2961, p < 0.05).
Regarding the tap water temperature, the mean value was 21 • C ± 2.3 • C.
Discussion
The microbial contamination of DUWLs varies according to several factors: The age and the model of the dental unit, the presence/absence of anti-backflow valves (which prevent back-contamination), the adoption of control measures (e.g., flushing), the methods of disinfection used, the features of the water supply system, etc. DUWLs supplied directly by the municipal water network may be more frequently contaminated, particularly in large distribution systems (as in hospitals), where the large volume of water storage tanks and the sections with reduced water circulation provide optimal conditions for the growth of Legionella and other waterborne pathogens [28] .
With regard to the characteristics of the dental units examined in the present study, all the units were supplied directly by the municipal water network, and none of the buildings in which the units were located was equipped with a system for the disinfection of piped water. Only in the dental units of one hospital facility the internal waterlines were occasionally disinfected with H 2 O 2 ; however, no disinfection protocol indicating the concentration of H 2 O 2 to be used or the frequency and duration of disinfection was implemented.
The guidelines issued by the Centers for Disease Control and Prevention (CDC) on infection control in dental health care settings recommend that level of HPCs in dental unit output water should not exceed 500 CFU/mL [2] . The American Dental Association (ADA) has set a heterotrophic bacteria load of ≤200 CFU/mL for water delivered from dental unit waterlines [29] . In the EU, there is no current guideline for DUWLs, but in some countries reference is made to the drinking water standard [7] . In Italy, no national limit values have been placed on HPCs (at 22 • C and 36 • C), nor on drinking water or the water used in healthcare facilities. Consequently, we took the values determined by the Ministère de la Santé et des Solidarités in 2007 as target values (≤100 CFU/mL, ≤10 CFU/mL, respectively) [27]. Likewise, with regard to P. aeruginosa, we considered a target value of <1 CFU/100mL.
In the dental units examined, the concentration of HPCs (at 22 • C and 36 • C) exceeded the indicated threshold in 100% of the samples analyzed, while in tap water the target values were exceeded in less than 50% of the samples. Moreover, the mean concentrations of HPCs at 22 • C and 36 • C in the water delivered from hand-pieces proved to be far higher (1168.53 ± 906.00 CFU/mL and 827.90 ± 746.87 CFU/mL, respectively) than the target values, with concentrations of up to 3200 CFU/mL and 2116 CFU/mL, respectively.
Such a high microbial load may constitute a serious risk of infection, since: (a) Patients requiring dental treatment may be immuno-compromised; (b) the treatment may be invasive, thus introducing potential pathogens into the circulation; (c) the water is aerosolized and may contaminate both surfaces and the air, thereby increasing the risk of infecting both patients and dental staff [30] .
The mean concentration of HPCs in the water in the dental units proved to be significantly higher (p < 0.001) than in tap water.
Regarding the concentration of P. aeruginosa, this was seen to exceed the indicated threshold in 16.67% of hand-pieces analyzed, with mean values of 25.13 ± 77.75 CFU/100 mL. By contrast, in no sample of tap water was this microorganism detected.
Various microorganisms present in dental units may have a considerable healthcare impact. One of these is Legionella, which is contracted through aspiration or inhalation of aerosolized contaminated water [31] . Indeed, contaminated water sources can spread spray or droplets containing Legionella, leaving airborne particles of less than 5 µm in diameter that can be deeply inhaled [32] [33] [34] [35] .
A variety of dental equipment, including high-and low-speed hand-pieces, ultrasonic instruments, and water spray syringes, aerosolize water from DUWLs [31] . The reported prevalence of Legionella in DUWLs varies widely: from 0 to 100% [36, 37] .
In our study, it emerged that, of the total number of water samples analyzed, 47/60 (78.33%) were contaminated by Legionella; on considering only the samples from the dental units, the percentage of positivity rose to 86.67%.
Previous studies have reported that L. pneumophila serogroup (sg) 1 is often present in the water supplies of facilities, including healthcare facilities [38] . In our study, sg 1 of L. pneumophila was detected in 23.40% of the water samples.
European guidelines [27] on the concentrations of Legionella spp. in healthcare facilities have set a target value (10 3 CFU/L), an alert value (10 4 CFU/L) and an action value (>10 4 CFU/L). In 26.67% of the dental units that we examined, we detected a concentration of >10 3 CFU/L, while in no sample was the concentration of 10 4 CFU/L reached.
The mean concentration of L. pneumophila in the water from the dental units was 676.67 ± 746.34 CFU/L. However, it must be stressed that the concentration detected by means of a culture method could underestimate the real number of surviving bacterial cells, as L. pneumophila develops symbiotic relationships with protists such as amoebae [39] . Indeed, once inside the amoeba cell, bacteria will survive or escape the adverse conditions presented by digestive vacuoles; moreover, they can also find sanctuary from unfavorable environmental conditions and can multiply [40] .
The association of Legionella with free-living amoebae was first reported in 1980 [41] . L. pneumophila has been shown to be able to parasitize and multiply in more than twenty different protozoan species, including Acanthamoeba, Naegleria and Vermamoeba [42, 43] .
Vermamoeba vermiformis is predominant in DUWLs, and probably enters these devices initially from fresh water supplies from storage tanks [11] . However, Vermamoeba species are also reported to have been isolated from the throats of humans as long ago as 1967 [44] , implying that the V. vermiformis in DUWLs could also come from humans. In a study conducted by Michel R et al. [45] , 215 water samples were taken from 49 dental treatment units and investigated for the presence of free-living amoebae. V. vermiformis was found in 10.6% of the samples.
In our study, 60% of the water samples from hand-pieces contained amoebae, and in significantly higher concentrations (p < 0.01) than tap water. All the amoebae proved to belong to the species V. vermiformis; moreover, the samples from hand-piece water that were positive for amoebae displayed a significantly higher concentration of L. pneumophila than amoeba-negative samples (p < 0.05). Moreover, the Spearman correlation test revealed a statistically significant positive correlation between the presence of amoebae and L. pneumophila (rho = 0.2961, p < 0.05).
With regard to the relationship between P. aeruginosa and V. vermiformis, the results of several studies have been controversial; in some studies, amoebae have fed effectively on P. aeruginosa [46, 47] , while in others this species has proved to be toxic [48] [49] [50] . In this regard, a study conducted by Delafont et al. [51] showed that V. vermiformis could be permissive for P. aeruginosa, depending on the bacterial strains and environmental conditions. The results of our study revealed a four-fold higher mean concentration of P. aeruginosa in water samples from hand-pieces that were negative for V. vermiformis than in amoeba-positive samples. The difference, however, did not prove statistically significant.
Data from the present study suggest the presence of considerable contamination in DUWLs that could be a source of hazards, not only for dental patients (especially immuno-compromised patients) but also for healthcare personnel, who are routinely exposed to the same risk [9] . The higher prevalence of antibodies to L. pneumophila in dentists and dental staff, in comparison with the general population, suggests a potential health risk for these workers [52] . Moreover, aerosols produced by turbines, micro-motors, air/water syringes and ultrasound scalers can contaminate both surfaces and the air. With regards to air contamination, ventilation systems can ensure adequate air exchange, thereby reducing the risk of infection. For what concerns surfaces, the control of transmission of infections in the healthcare setting involves regular disinfection of potentially contaminated surfaces [53] .
Conclusions
The present study documented the presence of various microorganisms, including Legionella, at considerably higher concentrations in water samples from dental units than in samples of tap water in the same facilities.
Many guidelines suggest numerous approaches to be adopted in order to reduce DUWL contamination, including both non-chemical (including flushing, drying, and applying an antimicrobial filter) and chemical methods [2, 54] . The application of chemical agents has been demonstrated to be more effective than non-chemical methods [55] . The CDC recommends that any devices that enter a patient's mouth (e.g., hand-pieces, ultrasonic scalers, or air/water syringes) should be connected to the waterline and flushed for at least 20 s between patients [2] .
The flushing of dental waterlines has been shown to reduce the levels of planktonic bacteria in the water, but this practice has not been shown to affect the biofilm that accumulates in the waterlines [56] . Among the chemicals now available, peracetic acid is one of the most powerful biocidal agents; it exerts a rapid, broad-spectrum biocidal activity and could be useful in controlling DUWL contamination. However, it has a series of side-effects, which have limited its use in dentistry [55] . Moreover, various studies have evaluated the synergistic effects of different types of methods, which have proved superior to those of single methods.
Moreover, it is important to educate dental staff on how to implement it. Simply treating waterlines may not be sufficient to ensure water quality; indeed, it is extremely important to verify the efficacy of the methods used through regular monitoring.
